of controlling both annual and perennial weeds (Grossbard and Atkinson, 1985).
Introduction isolated protoplasts has shown the involvement of an active carrier-mediated uptake mechanism (Denis and Glyphosate (N-[phosphonomethyl ] glycine) is a widely used broad spectrum post-emergence herbicide capable Delrot, 1993) . Understanding the uptake process may medium containing 10 mM unlabelled glyphosate. After final assist in getting a higher proportion of applied glyphosate filtration, cells were transferred to a pre-weighed scintillation absorbed.
vial and their fresh weight recorded. cursor protein into the chloroplast (della-Cioppa and (Soluene-350, Canberra-Packard, UK ) had no effect upon the Kishore, 1988) . Therefore any sequestration of glyphosate recovery of radioactivity (data not shown) and was therefore in other subcellular compartments may reduce its efficacy.
considered unnecessary. Radioactivity in cells was assayed using a liquid scintillation analyser ( Tri-Carb, model 1900TR, In this study, the absorption and compartmentation of Canberra-Packard Ltd, UK ) and the efficiency of quantification
[14C ]glyphosate have been examined using cell suspenwas determined using the transformed spectral index of an sions of maize and soybean. Although removed from the external standard source (133Ba). All stages of work prior to reality of the whole plant situation, cell suspensions can processing the cell suspensions after radiolabelling were peroffer a simpler, more homogeneous system in comparison formed aseptically.
to plant tissues or organs, allowing easier and accurate
Glyphosate efflux
control of various experimental variables.
A 100 ml soybean cell suspension in its log phase (11.5% settled cell volume) in B5 medium was radiolabelled with 185 kBq [14C ]-glyphosate for 24 h at 25°C on an orbital shaker. The
Materials and methods
suspension was then passed through an 85 mm nylon sieve to Cell suspensions separate cells from medium. Cells were washed with 3×60 ml of unlabelled B5 medium and transferred into a 100 ml wideSoybean cell suspensions (Glycine max L. Merr. cv. Maple neck conical flask. Cell fresh weight was recorded and a Arrow) were grown in B5 medium (Gamborg et al., 1968) subsample taken to determine the amount of radiolabel containing 30 g l−1 sucrose, 2.58 mM indole acetic acid, 4.65 mM absorbed after 24 h. Twenty ml of unlabelled B5 medium was kinetin, and 5 mM 2,4-dichlorophenoxyacetic acid (2,4-D) at added, mixed with the cells, and a 0.4 ml sample of the medium pH 6. Maize suspensions (Zea mays L. cv. Aussie) were grown without cells was immediately taken (t=0 of the efflux period). in MS medium (Murashige and Skoog, 1962) with 20 g l−1
The suspension was returned to the shaker and the radioactivity sucrose and 9.05 mM 2,4-D at pH 5.9. One hundred ml volumes of samples of the medium taken over 46 h was determined by of suspensions were grown in 250 ml conical flasks on an orbital liquid scintillation counting. After making allowance for the shaker at 25°C with a 16 h photoperiod of 35 mmol m−2 s−1.
amount of radioactivity found in the medium at t=0, the Subculturing was every 7 d by transferring 10 ml of suspension amount of radioactivity remaining in the cells was calculated into fresh medium. Cell viability was monitored throughout all from the data. Over the 46 h efflux period the pH of the experiments by staining with fluorescein diacetate ( Widholm, medium remained relatively constant at 6.0±0.1. 1972) and found to be 95% or higher.
Glyphosate metabolism Glyphosate absorption
The possibility of glyphosate being metabolized to aminomethylGlyphosate absorption was measured for cell suspensions in phosphonic acid (AMPA) after the efflux period was investigated their logarithmic growth phase. The medium that the cells were using thin-layer chromatography (TLC ). One ml samples of growing in (conditioned medium) was replaced with absorption efflux medium taken after 46 h were freeze-dried then redissolved medium (Mervosh and Balke, 1991) : 5 g l−1 sucrose, 17 g l−1 in 50 ml of 50 mM MES buffer pH 5.8. Samples containing sorbitol, 10 mM 2(N-morpholino)ethanesulphonic acid (MES) around 1000 dpm were applied to 150 mm cellulose plates adjusted to pH 5.7 with tris(hydroxymethyl )aminomethane ( Whatman) and chromatographed with methanol5distilled ( Trizma base), to produce a settled cell volume of 10-20%. water50.5 M NaCl (18056050.3, by vol.) according to Ragab When high external concentrations of unlabelled herbicide were (1978) . Radiolabel appearing in glyphosate and AMPA in used, the buffer concentration was increased from 10 mM samples was visualized by electronic autoradiography (Instant to 50 mM.
Imager, Canberra-Packard Ltd, UK ) and identification was by Two ml samples of suspended cells were acclimated on an reference to mobility of authentic standards as described by orbital shaker for 1 h at 25°C and 100 cycles min−1. Uptake Marshall et al. (1987) . Quantitative estimates of radioactivity was then initiated by adding 3.7 kBq ml−1 suspension of in samples were made by scraping spots from the TLC plate radiolabelled glyphosate (N-[phosphono-14C-methyl ]glycine, followed by liquid scintillation counting as described previously. free acid, 2.00 GBq mmol−1, Amersham International plc) giving an equivalent concentration of 1.85 mM. When higher external herbicide concentrations were used, 7.4 kBq ml−1 Results suspension of radiolabel was added together with the appropriate amount of unlabelled glyphosate supplied as the ammoGlyphosate absorption nium salt. In experiments where the effects of various compounds on glyphosate uptake were studied, these were added at the A linear relationship was found between glyphosate constart of the acclimation phase and retained throughout the centration and glyphosate uptake over the range 0.003 to specified uptake period. Following various durations of uptake, 15 mM, indicating absorption to occur by diffusion cells were separated from medium by filtration under slight ( Fig. 1) . However, on closer examination of the data at vacuum through glass microfibre discs ( Whatman GF/A). Cells on the filter were washed three times with 5 ml absorption the lower end of the concentration range tested, there was an apparent departure from linearity between 0.003 and 0.25 mM glyphosate ( Fig. 2a) . Double-reciprocal plots of these data (Fig. 2b ) produced a straight line (r2 value=0.992) suggesting the involvement of a single uptake system with an apparent K m of 0.031 mM and V max of 11.4 nmol g−1 fr. wt. 2 h−1. In buffered absorption medium (pH 5.7) containing 1.85 mM [14C ]glyphosate, both maize and soybean cells showed a multi-phase uptake pattern over 6 h, with an initial rapid uptake rate becoming slower during the progress of absorption ( Fig. 3) . At this herbicide concentration, uptake in maize was inhibited by around 30% after treatment with 10 mM carbonylcyanide m-chlorophenyl hydrazone (CCCP), 100 mM diethylstilbestrol (DES), or the polyoxyethylene tallow amine surfactant inhibited glyphosate absorption by 22%, while 1 mM phosphate or phosphonoformic acid (PFA) inhibited uptake by around 40% and 76%, respectively. Glyphosate period can be considered as a compound curve, which is absorption was increased by around 40% with 2.5 to composed of first order rate losses from each of several 10 mM CaCl 2 . phases (compartments) operating in series. This produces Extrapolating the uptake curves shown in Fig. 3 to t= a series of straight lines from semi-logarithmic plots, each 0 would not correspond to zero uptake, suggesting the characteristic of a particular compartment. The contribupossibility of herbicide binding to the cell surface. As tion of the slowest compartment (having the lowest rate cells had been washed in unlabelled glyphosate after of equilibration) to the efflux is indicated by the final radiolabelling, this would appear to be non-specific bindlinear portion of the curve (Fig. 4a) . The resulting line ing and is of the order of 0.01-0.02 nmol g−1 fr. wt. in has a slope which is the rate constant k for loss from the both cell suspensions. compartment, and the extrapolated intercept at t=0 gives the amount of radioactivity present in that compartment Glyphosate efflux at the start of the efflux period. Subtracting the slow compartment from the radioactivity in cells at each sample Analysis of the efflux of radiolabel from cells loaded with [14C ]-glyphosate allowed the estimation of amounts and time gives the efflux curve for loss from compartments other than the slow one (Fig. 4b) , with the final linear fluxes of herbicide associated with different cell compartments as described by MacRobbie and Dainty (1958) , phase being attributed to the medium compartment (the phase having the next highest equilibration time after the and Pitman (1963) . The curve of the calculated amount of radioactivity remaining within the cells over the efflux slow compartment). Again, the rate constant and initial experiments which agreed within 10%). A small quantity of radioactivity was found to be immobile in this TLC system remaining at the origin of the plate. TLC of the original radiolabel supplied revealed 94% of 14C to be in glyphosate and 6% in AMPA.
Discussion
The absorption of glyphosate by cell suspensions appears complex. At low external herbicide concentrations (3-250 mM ), uptake observed straightforward MichaelisMenten kinetics indicating the involvement of a single uptake system. The inhibition of uptake by orthovanadate and DES suggests the energy component of this active transport mechanism comes from the plant plasmalemma ATPase. Absorption may also involve a phosphate transporter as glyphosate uptake was inhibited by both phosphate, and the phosphate analogue PFA. The apparent of calcium salts on the uptake process or utilization 10 mM CCCP 70±12.6 100 mM DES 69±1.7
within cells requires further clarification. Evidence for an active glyphosate uptake mechanism was only detectable at low external glyphosate concentraamount of radioactivity in the medium compartment can tions, and at higher concentrations this mechanism gets be obtained as before. There is some evidence of possible masked as diffusion becomes the dominant uptake mechefflux from a fast compartment by a departure from the anism. A similar situation was found in bean leaf protofitted line of the initial data points ( Fig. 4b) .
plasts (Denis and Delrot, 1993) . Any practical significance Rate constants, half-times for exchange (t n ) and the of the role of the active mechanism in relation to glyphosamount of glyphosate associated with the three putative ate efficacy is questionable. Typical herbicide levels at the compartments are shown in Table 2 . Of the glyphosate site of application are in the millimolar concentration absorbed by the cells after 24 h, 71% was found localized range ( Turner, 1985) where uptake is predominantly by in the slow compartment, 19% in the medium and 10% diffusion. The concentration of applied glyphosate may in the fast. The difference in outward glyphosate flux further increase as droplets applied by sprayer begin to between the slow and the medium compartments was dry, then a dilution of glyphosate is likely to occur on around 50-fold.
entering the apoplast. The apoplast appears to serve as a site for binding Glyphosate metabolism glyphosate at the cell surface. This may influence the availablity of glyphosate for absorption. However, the Analysis of efflux medium after 46 h by TLC revealed around 90.5% of radiolabel to be found in glyphosate amount bound appears to be negligible when compared with the quantities of herbicide applied. In this study and 9% in AMPA (average values from two independent medium after 46 h suggests further metabolism of glyphosate by cell suspensions was low under the shorter measurement periods used and the kinetic data are valid. binding would account for less than 1% of the applied Glyphosate efflux kinetics suggest the herbicide is disradiolabelled glyphosate which was at a concentration of tributed between three distinct cellular compartments 1.85 mM.
arranged in series. Assuming the fast and medium comThe interpretation of absorption and efflux data could partments represent the free-space and cytoplasm, respectbe compromised if significant metabolism of glyphosate ively, the slow compartment may represent a subcellular organelle(s). It is possible that the slow compartment, had occurred within the cells. Reviews of this topic ant consequences for its subsequent herbicidal activity.
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As the primary site of glyphosate action is considered to 
